Abstract. Hydraulic autofrettage is a manufacturing process that induces favorable compressive residual stresses and is especially suitable for the treatment of internally pressurized components. If autofrettage is not the final treatment applied, the application of post-machining or other cold working processes can lead to a relaxation and redistribution of the stresses induced by the autofrettage process. In this paper, comprehensive X-ray diffraction residual stress measurements were performed and the influence of the applied autofrettage pressure and post-machining on the resultant residual stress vs. depth profiles was investigated.
Introduction
It is well known that compressive residual stresses are favourable because they act to close existing cracks in components and prevent the generation of new ones. When a component experiences inservice loading, applied tensile stresses will be shifted by the compressive residual stress (RS) field, if present. If the compressive RS field is of sufficient magnitude, the final stress state may still remain locally compressive despite the superimposed applied tensile stresses. There are several processes that are able to induce high magnitude compressive RS; e.g. shot peening, deep rolling and laser shock peening. The autofrettage (AF) process is especially suitable for treating internal geometries, e.g. components of the common rail diesel injection system. It leads to a beneficial and pronounced compressive RS vs. depth profile [1, 2] and several authors report an extension in fatigue life for components treated with this process [3, 4] . Its principle can be explained as follows [5] : when applying AF, a low-viscosity hydraulic medium is used to rapidly over-pressurize the treated component. If the resulting stresses exceed the yield strength of the material, then elasto-plastic deformation will result. Typically, the inner surface of the treated component deforms plastically while the outer surface of the component remains only elastically deformed. After releasing the AF pressure, the elastically deformed region of the component strives to return to its original state but is prevented from doing so by the inner plastically deformed region. This inhomogeneous deformation leads to the generation of compressive RS on the inner region of the component. This compressive region is compensated for with tensile stresses on the outer region of the component. The AF pressure is the most important processing input parameter and changing it leads to different RS vs. depth profiles in the part [6] . It has been shown that the AF process not only induces RS but also results in concomitant macroscopic shape deviations [7] . When high dimensional accuracy of the treated component is required, it may be necessary to perform a post-machining operation that could result in a redistribution and/or relaxation of the RS induced by the AF process. As such, the following paper presents investigations that include: pre-machining, autofrettage and post-machining. X-ray diffraction (XRD) is an established, generally applicable, and time-proven method for near surface (up to 0.025 mm) RS measurements [8] . Accompanied with an electropolishing procedure, it offers the possibility to investigate RS at depth. In the presented paper, XRD techniques were employed to measure the RS vs. depth profiles in thick walled cylinders that were treated with different AF pressures and partially post-treated using a reaming operation. Due to the geometric constraints inherent to the specimens, they were sectioned in half to enable XRD based RS measurements on their inner diameter (ID). To account for the relaxation and redistribution of the RS induced by the AF process as a result of axial sectioning, strain gauges were applied to the inner and outer diameters (OD) of the specimens' surfaces prior to cutting. The strain gauges were then monitored during the sectioning process and the results obtained were used to correct the measured stresses for the effect of sectioning. Since the XRD technique samples a relatively thin surface layer, material removal techniques were applied so as to obtain the full through wall thickness RS profile. To this end, electropolishing techniques were employed and the resulting stress relaxation was corrected for using the analytical methods proposed by Moore and Evans [9] .
Experimental setup
The samples used for the experiments are thick walled cylinders, manufactured from high strength AISI 4140 steel (hardened at 840 °C and tempered at 610 °C). Two measurement points (MP1 and MP2) were chosen to characterize the different treatment sequences on both sides of the thick walled cylinders. The process and measurement chains are shown in Table 1 . 
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See Table 2 Raw part Stress relaxation?
Distance from ID [mm] Stress relaxation?
Distance from ID [mm] Stress relaxation? (MP1) bored and autofrettaged, whereas the right half (MP2) was additionally reamed. The reason for this additional treatment was to investigate the RS relaxation and redistribution due to this post-AF treatment. Strain gauges were then applied to the inner and the outer surfaces of the specimens and an axial cut provided access for XRD RS measurements on the inner diameter of the specimens. After the axial cut was performed, the stress relaxation on both the inner and outer diameters of each specimen was calculated via the strain gauge readings. For the XRD RS measurements the setup parameters shown in Table 2 were employed. The RS vs. depth profile was generated by means of sequential XRD measurements and material removal using electropolishing techniques to mid-wall thickness from the ID. RS measurements were then performed from the OD to mid-wall thickness. Once the RS measurements were completed, the pertinent data corrections were applied. First, the gradient correction was applied as per SAE HS-784 [10] . This correction accounts and corrects for steep RS gradients and their effect on sampling depth variations with incident x-ray beam angle. Next, the material removal correction was applied to the gradient corrected data; this correction is based on the analytical methods proposed by Moore and Evans [9] for cylinders and plates and is still the most widely used correction in industry. Finally, the measurement results obtained were corrected for stress relaxation due to sectioning using the strain gauge data. The two data sets obtained on the OD to mid-wall thickness and ID to mid-wall thickness were combined into one contiguous through wall RS profile.
Results
XRD measurements were performed for the untreated (AF 2000 bar) as well as the specimens treated with 8000, 8500, 9000 and 9500 bar AF pressure. In order to characterize statistical variability, three different specimens treated with the same AF pressure (8000 bar) were characterized using XRD. In Fig. 1 , the residual hoop stress vs. depth for these specimens is plotted after gradient, depth and strain corrections were applied. The results for the bored and AF side (MP1) of the AF 8000 bar specimens plotted in Fig. 1a) , indicate that the maximum induced RS for each specimen is just below the surface and ranges from -450 to -550 MPa in compression. It can also be seen that the RS becomes slightly tensile at a depth of approximately 2 mm. On the outer diameter of the specimens, a thin layer of compressive RS can be also observed which is thought to be due to the turning operation that was used for their pre-machining. Fig. 1b) depicts the hoop RS for the specimens autofrettaged with 8000 bar on the bored, autofrettaged, and reamed side of the specimen (MP2). The maximum induced compressive RS is lower in magnitude and on the order of -400 MPa. This reduction in RS is attributed to the reaming operation after the AF which removes a part of the most compressive loaded material thus leading to a redistribution and relaxation of the balancing tensile RS towards the OD. Brünnet et al. [7] investigated the influence of the post-machining, namely the reaming operation after AF, and confirms that it leads to a relaxation and redistribution of RS. 
Fig. 1 -Corrected hoop RS for specimens AF treated at 8000 bar -a) at MP1 and b) at MP2.
The hoop RS vs. depth profile for the non-autofrettaged specimen can be seen in Fig. 2 . On the bored side of the specimen (MP1), see Fig. 2a ), a thin layer of compressive RS is visible near the ID and the OD. This can be attributed to the boring (ID) and turning (OD) operations. In Fig. 2b) , the stress profile for the reamed side of the specimen (MP2) is plotted. It can be seen that the near surface measured RS was approximately 70 to 100 MPa less compressive as compared to MP1. This indicates that the reaming operation itself results in lower magnitude compressive RS as compared to the boring operation.
Fig. 2 -Hoop RS for specimens AF treated at 2000 bar -a) at MP1 and b) at MP2.
The hoop RS vs. depth profiles measured at MP1 for the specimens treated with different AF pressures are plotted in Fig. 3. Fig. 3a) depicts the "as measured" results. Here, it can be observed that the non-autofrettaged specimen (2000 bar) has a very thin layer (about 0.5 mm) of compressive RS on the ID that is produced during the boring operation. An unanticipated result was observed in the curves for the specimens that were autofrettaged at different pressures. It was expected that increasing the AF pressure would lead to a greater maximum induced compressive RS. Instead, the apparent maximum stresses remained approximately the same with increasing AF pressure and in some cases, it decreased. Nevertheless, the higher AF pressures produced a deeper compressive RS layer that was compensated for with higher subsurface tensile stresses. When examining the corrected results, see Fig. 3b ), it is clear that even after the corrections are applied, the maximum compressive RS achieved does not increase with increasing AF pressure, and in some cases, it decreases slightly. If the difference in the RS vs. depth profiles for the three specimens treated with an AF pressure of 8000 bar is considered (about 75-100 MPa) it can be concluded that, in the AF pressure range (8000 to 9500 bar), the measured RS is of similar magnitude.
Fig. 3 -Hoop RS AF variation at MP1 -a) As measured and b) Gradient, depth and strain corrected.
The RS vs. depth profiles for the specimens treated with different AF pressures at MP2 (boring, AF and consecutive reaming) are plotted in Fig. 4 . The "As measured" profiles can be seen in Fig. 4a) . Here, it can be observed that material removed by the reaming operation leads to a significant relaxation in the compressive RS induced by the AF operation. When compared to results obtained at MP1 (where the AF process represents the final treatment applied), results obtained in the compressive RS region near the ID at MP2 are more than 100 MPa less compressive. It can also be observed that higher magnitude applied AF pressures result in higher magnitude stress relaxation. Notwithstanding, the apparent depth of the induced compressive RS remains unaffected. The "Gradient, depth and strain corrected" RS vs. depth profiles at MP2 for the different applied AF pressures can be seen in Fig. 4b) . The corrections applied to the data lead to a shift, similar to the one observed at MP1, for all of the stress curves, most noticeably in the compressive region near the ID. The maximum stress relaxation induced by the reaming operation was about 200 MPa (see Fig. 3b ) as a point of comparison to MP1). It can also be observed that the depth of the compressive RS layer increases by a few tenths of a millimeter as compared to the uncorrected data. 
Conclusions
In this paper, extensive XRD based RS measurements on AF thick walled cylinders were presented. The effects of pre-machining were found to be localized to the ID and OD surfaces and tended to result in a thin compressive RS layer. With the application of the AF process, significant compressive RS was imparted to the ID of the samples with concomitant balancing tensile RS near the OD. The general trend observed was an increase in the compressive RS layer with increasing AF pressure. An unanticipated result was observed in the curves for the specimens treated at higher AF pressures. It was expected that increasing the AF pressure would lead to a greater maximum magnitude of induced compressive RS. Instead, the apparent maximum magnitude of RS remained approximately the same with increasing AF pressure and in some cases, decreased. Nevertheless, the higher AF pressures produced a deeper compressive RS layer that was compensated for with higher magnitude subsurface tensile stresses. Post-machining, i.e. the reaming operation applied after the AF process which removes a part of the most compressive loaded material, led to a redistribution and relaxation of the balancing tensile RS towards the OD.
